Purpose: To use quantitative susceptibility mapping (QSM) to investigate changes in cartilage canals in the distal femur of juvenile goats after their surgical transection. Methods: Chondronecrosis was surgically induced in the right medial femoral condyles of four 4-day-old goats. Both the operated and control knees were harvested at 2, 3, 5, and 10 weeks after the surgeries. Ex vivo MRI scans were conducted at 9.4 Tesla using T RAFF (relaxation time along a fictitious field)-weighted fast spin echo imaging and QSM to detect areas of chondronecrosis and investigate cartilage canal abnormalities. Histological sections from these same areas stained with hematoxylin and eosin and safranin O were evaluated to assess the affected tissues. Results: Both the histological sections and the T RAFF -weighted images of the femoral condyles demonstrated focal areas of chondronecrosis, evidenced by pyknotic chondrocyte nuclei, loss of matrix staining, and altered MR image contrast. At increasing time points after surgery, progressive changes and eventual disappearance of abnormal cartilage canals were observed in areas of chondronecrosis by using QSM. Conclusion: Abnormal cartilage canals were directly visualized in areas of surgically induced chondronecrosis. Quantitative susceptibility mapping enabled investigation of the vascular changes accompanying chondronecrosis in juvenile goats. Magn Reson
INTRODUCTION
Osteochondritis dissecans (OCD) is a developmental orthopedic disease that may cause premature osteoarthritis later in life (1) . Osteochondritis dissecans most commonly occurs in the medial femoral condyle (MFC) of the knee and is characterized by the presence of a cartilaginous or osseocartilaginous flap extending into the joint, causing pain, swelling, and locking (2) . The etiology of OCD is unknown, but one theory implicates ischemic insult to the richly vascularized epiphyseal cartilage. The epiphyseal cartilage is located subjacent to the avascular articular cartilage and is gradually replaced by bone during development. The ischemic theory is based on animal studies, which have demonstrated that surgical interruption of cartilage canal vessels (minute structures providing vascular supply to the epiphyseal cartilage) causes ischemic chondronecrosis, leading to a focal failure of enchondral ossification, a lesion that is pathognomonic for osteochondrosis (OC). The lesion OC is known to precede OCD in domestic animals, although this has not yet been proven in humans (3) (4) (5) . Areas of ischemic chondronecrosis are characterized by proteoglycan loss and collagen matrix disruption (6) (7) (8) (9) , and the resulting lesions can be detected using MRI parametric mapping of relaxation times such as T 2 , T 1r , and T RAFF (relaxation time along a fictitious field) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Whereas histological techniques can be used for ex vivo visualization of epiphyseal cartilage canals, new imaging methods are needed to evaluate these structures in vivo for longitudinal studies and potentially for diagnostic purposes. Toward this end, we recently demonstrated the feasibility of visualizing cartilage canals noninvasively using susceptibility-weighted imaging and quantitative susceptibility mapping (QSM) (19, 20) . Both methods take advantage of the MR phase, which demonstrates dipolar field patterns a few times larger than the size of the small blood vessels as the source of the field disturbance. Although multiple MRI methods have been proposed for noninvasive detection of OC lesions (14, 17, (21) (22) (23) and the visualization of cartilage canals has been demonstrated (19, 20) , direct visualization of abnormalities in the epiphyseal cartilage canals using phase-sensitive MRI has not been reported.
The purpose of this work was to use QSM to evaluate changes involving cartilage canals after their surgical transection. To achieve this goal, we have utilized a goat model of OC (3, 4, 24) in which ischemic chondronecrosis of an area of the MFC is surgically induced. Harvested goat knees were scanned ex vivo at increasing time points after surgically induced chondronecrosis using a 9.4 Tesla (T) MRI scanner. We hypothesized that 1) surgical transection of cartilage canal vessels would result in morphological changes to these vessels in and adjacent to areas of chondronecrosis and 2) these changes could be detected noninvasively using QSM.
METHODS

Animal Model
Details of the animal model have been reported previously in detail (4) . Briefly, to create chondronecrosis in the epiphyseal cartilage, four 4-day-old goats underwent a surgical procedure in the right femorotibial joint to interrupt the blood supply to a focal area of the epiphyseal cartilage in the central (axial) aspect of the right MFC. The left, nonoperated femorotibial joints were used as controls. Both distal femora of the juvenile goats were harvested at 2, 3, 5, and 10 weeks after the surgeries for ex vivo MRI scans. This study was approved by the Institutional Animal Care and Use Committee of the University of Minnesota.
Ex Vivo MRI
Individual distal femora were suspended in flexible latex containers filled with perfluoropolyether oil for a protonfree and susceptibility-matched background. MRI experiments were conducted using a 9.4 T Varian scanner for small animal studies (Agilent Technologies, Santa Clara, CA). The specimens were placed at the center of a shielded quadrature volume coil (Millipede, Varian NMR Systems, Palo Alto, CA), which was used for both radio frequency (RF) transmission and signal acquisition. B 0 shimming field shimming and RF pulse calibration were conducted for each imaging session.
Based on our previous study showing high sensitivity of T RAFF to cartilage necrosis (17), a T RAFF -weighted twodimensional (2D) fast spin echo (FSE) sequence was utilized to identify the area of chondronecrosis in each sample. Specifically, the T RAFF contrast was created by magnetization preparation consisting of 24 RAFF pulses of 4.53 ms RF duration (15, 16) . The first echo time (TE) was set to the shortest possible value of 5.38 ms and used as the effective TE of the FSE sequence to minimize T 2 contrast, and a long repetition time of 5.0 s was used to allow full recovery of longitudinal magnetization. The echo train length was set to 8. The matrix size was set to 256 2 with 1.0 mm thickness in the coronal plane. The acquisition bandwidth was set to 500 Hz/pixel. A square field-of-view (FOV) of 40 mm was adjusted to the sample size, providing a high in-plane resolution of approximately 150 mm. The number of averages was one. The scan time per specimen was about 3 minutes.
A 3D gradient-recalled echo (GRE) sequence was utilized for QSM to visualize the blood vessels in epiphyseal cartilage. Specifically, a cubic 40 mm FOV was adjusted to the physical size of individual samples with a constant matrix size of 384 3 , resulting in an isotropic resolution of approximately 100 mm. A 15 flip angle was used for all scans. Repetition time and TE were 40 ms and 15 ms, respectively. In order to enhance the susceptibility-induced phase contrast, the acquisition bandwidth was reduced to 43 Hz/pixel, the lowest value allowable for the selected TE and matrix size. The number of averages was one. The scan time per specimen was about 98 minutes.
Histology
Following the MRI scans, the distal femora were fixed in 10% neutral-buffered formalin for 48 hours and then decalcified by immersion in 10% ethylenediaminetetraacetic acid for several weeks. After decalcification, the femoral condyles were serially sectioned in the coronal plane into 2-to 3-mm thick slabs to match the MRI studies; these were routinely processed into paraffin blocks. Sections of 5-mm thickness were obtained from the surface of each block and stained with hematoxylin and eosin (H&E). If cartilage necrosis was present in the H&E-stained sections, additional sections were obtained 200-to 500-mm intervals deep to the original block face until the lesion was no longer apparent to ensure that its entire extent was sampled. Selected sections were then stained with safranin O to qualitatively evaluate the associated proteoglycan loss.
Quantitative Susceptibility Mapping
The 3D GRE raw data were read into Matlab (Matlab 2013b, Mathworks, Natick, MA) and Fourier transformed to produce the magnitude and phase images. The cartilage was segmented based on the magnitude images using ITK-SNAP software (www.itksnap.org) to create a binary cartilage mask for the further processing (25) . Prior to the QSM processing, the raw phase was unwrapped using the Laplacian unwrapping method (26), followed by the SHARP (sophisticated harmonic artifact reduction on phase) filtering method to remove the background field (27) . Because the epiphyseal cartilage was thin (less than 3 mm for all goat knees, with decreasing thickness as the goats aged), a kernel size of 3 Â 3 Â 3 and a truncation threshold of 0.05 were selected for the SHARP filtering based on visual assessment of the quality of the filtering (28) . This kernel size resulted in a filter length of approximately 0.3 mm. The susceptibility maps were then derived from the preprocessed phase based on the regularized QSM method with automatic parameter selection (28) . Two-dimensional maximum intensity projection (MIP) images of the GRE magnitude images, as well as the obtained 3D susceptibility maps, were generated in the coronal and sagittal planes with about 1-mm thickness (about 10 slices), and the coronal MIP images were selected to match the slice positions of the T RAFF -weighted FSE images showing regions of chondronecrosis. Based on the susceptibility images, cartilage canals in areas of chondronecrosis and the contralateral condyle were manually segmented, and the means of the estimated susceptibility values of abnormal and normal cartilage canals were calculated. To further validate the progressive changes, 3D volumetric MIP images were generated using OsiriX (Pixmeo, Geneva, Switzerland) (29) to illustrate the cartilage canals in the epiphyseal cartilage of the operated condyles at different time points.
RESULTS
Both H&E-and safranin O-stained sections of the femoral condyles as well as T RAFF -weighted FSE images identified areas of ischemic chondronecrosis characteristic for various stages of OC. Specifically, in H&E-stained sections, the nuclei of necrotic chondrocytes were pyknotic, and the surrounding matrix exhibited progressive loss of extracellular matrix staining with increased time after surgery (Figs. 1a-d) (3, 4, 24) . Progressive loss of safranin O staining consistent with continuous reduction of proteoglycan content was also observed (Fig. 1e-h ). Soon after the vascular insult (within days), endothelial necrosis in the cartilage canal vessels was apparent. By 1 to 2 weeks after surgery, the vessels became empty of contents and dilated. By 2 to 3 weeks, chondrified cartilage canals intensely stained with safranin O were present (lumina filled with cartilage) distal to the surgical incisions (Figs. 1e and 1f). At 10 weeks postsurgery, new blood vessels (arrows, Fig. 1h ) appeared at the interface between the necrotic and viable epiphyseal cartilage. At this late stage, necrotic cartilage was partially incorporated in the bone due to the progression of the ossification front (Fig. 1h) .
In the T RAFF -weighted FSE images, lesions of chondronecrosis were visible as areas of positive contrast (arrows, Figs. 1i-l) and could be clearly distinguished from the normal epiphyseal cartilage at all time points. At 10 weeks postsurgery, the T RAFF -weighted FSE images also demonstrated that the area of chondronecrosis was partially surrounded by bone (Fig. 1l ) consistent with the histological results (Figs. 1d and 1h) .
Intermediate QSM processing results are provided in Figure 2 to evaluate the SHARP filtering and the QSM method. The background fields (Fig. 2b) were successfully removed by the SHARP filtering ( Fig. 2c) with the empirically chosen optimal parameters of 3 Â 3 Â 3 kernel size and 0.05 truncation level. The cartilage canals can be clearly observed in Figure 2d . Phase in the area of bone marrow appeared as noisy as the background (Fig. 2a) , and was thus removed with the binary mask. No artifacts from chemical shift between water and fat were observed in the cartilage area of the phase images. Chondrified cartilage canals at the margins of the lesion (e) 2 weeks and (f) 3 weeks postsurgery are indicated by long arrows and enlarged in insets. Cartilage canal vessels were indistinguishable (g) 5 weeks postsurgery. A cluster of viable blood vessels was identified at (h) 10 weeks postsurgery at the margin of the lesion (arrow). The area of chondronecrosis is partially surrounded by bone at (h) 10 weeks postsurgery due to progression of the ossification front. Two-dimensional T RAFF -weighted fast spin echo images (bottom row) illustrate the area of chondronecrosis (arrows) at the same time points with increased MR image contrast. Insets show higher magnification of the medial femoral condyle.T RAFF ¼ relaxation time along a fictitious field.
The relative susceptibility distribution was successfully estimated using the regularized QSM method, enabling direct visualization of the cartilage canals.
Figures 3 to 6 show 1-mm thick 2D MIPs of the GRE and QSM data at different stages of the chondronecrosis process to demonstrate progressive changes in the operated distal femora. The slice positions were adjusted to closely match the positions of the T RAFF -weighted FSE images (Figs. 1i to 1l) . At 2 weeks postsurgery, the area of chondronecrosis was not clearly demarcated in the GRE image (Fig. 3a) compared to the T RAFF -weighted image (Fig. 1i) . Both the susceptibility and the morphology of the cartilage canals in the area of chondronecrosis (arrows, Figs. 3b and d ) appeared similar to those of the normal epiphyseal cartilage (Figs. 3f and h ) at this early stage. Both the operated and control knees were visually similar, with blood vessels visible in coronal and sagittal planes extending from the ossification front toward the articular cartilage.
At 3 weeks postsurgery, the area of chondronecrosis showed slightly increased signal intensity in the GRE images (Figs. 4a and c) . Failed ossification of the area of chondronecrosis was demonstrated in the sagittal plane (Fig. 4c) . Disintegration of the affected cartilage canals continued from 2 weeks postsurgery to 3 weeks postsurgery (Figs. 1e and 1f) and was identified by QSM in the area of chondronecrosis (Figs. 4b and 3d, Fig. 7b ). The average susceptibility of the abnormal cartilage canals was approximately 0.032 ppm (arrow, Figs. 4b and d) ( Table 1) , which was lower than that of the normal vascular canals in the contralateral condyle (approximately 0.054 ppm, Table 1 ). For the control site, the transition from cartilage to bone at the ossification front was smooth (curvilinear) (Figs. 4e and g ), and no cartilage canal abnormalities were seen (Figs. 4f and h) .
At 5 weeks postsurgery, areas of chondronecrosis were detectable with positive contrast on the GRE images (Figs.  5a and c) . Unlike the previous two time points, the abnormal cartilage canals in the area of chondronecrosis had ill- (Fig. 1g ) in which cartilage canals were difficult to identify. A decreased susceptibility value consistently was observed in the operated site compared to the normal cartilage canals in the contralateral condyle (Table 1 ). In the control knee, all blood vessels that were present had sharply defined margins (Figs. 5f and h) .
At 10 weeks postsurgery, the region of chondronecrosis had resulted in an area of delayed endochondral ossification due to failure of ossification of the necrotic cartilage (Figs. 6a and c), whereas unaffected epiphyseal cartilage was replaced by subchondral bone. The disintegrated vascular canals had vanished or were poorly visible in the area of chondronecrosis (Figs. 6b, 6d, and 7d) . However, new cartilage canals were visible using QSM at the interface of healthy and necrotic epiphyseal cartilage (arrows, Figs. 6b, 6d, and 7d) . The presence of new vessels was confirmed histologically (Fig. 1h) . In contrast, the control knee had a curvilinear ossification front (Figs. 6e and g ) and normal blood vessels distributed throughout the epiphyseal cartilage (Figs. 6f and h) .
The estimated susceptibility values of the normal cartilage canals in the contralateral condyles of the operated knees appeared stable with age, as indicated by the smaller standard deviation for the mean value, whereas the susceptibility values were reduced at later time points in the operated knees (Table 1 ). In addition to the 2D MIPs (Figs. 3 to 6 ), the 3D MIPs at different time points further demonstrated the progressive changes in the cartilage canals in the epiphyseal cartilage of the operated condyle (Fig. 7) , including reduced susceptibility and the ill-defined margins caused by disintegration. Eventually, these abnormal cartilage canals vanished in areas of chondronecrosis (Fig. 7d) , and new cartilage canals appeared at the peripheral regions of the chondronecrosis (arrow, Fig. 7d ).
DISCUSSION
Progressive changes in the morphology of epiphyseal cartilage canal vessels in the regions of ischemia-induced chondronecrosis were demonstrated in this study using QSM. This technique is complementary to imaging methods that are sensitive to cartilage matrix changes associated with OC lesions, such as T RAFF parametric mapping (17) , and may provide valuable insight into the etiology and pathogenesis of OCD. Furthermore, the direct visualization of abnormal cartilage canals in epiphyseal cartilage may be clinically useful because it provides a potential noninvasive method to identify subclinical lesions of OCD in pediatric patients (3, 4, 24, 30) . Although cartilage matrix changes occurring subsequent to ischemia have been
Comparison of the gradient-recalled echo and quantitative susceptibility mapping images of the operated and control condyles at 3 weeks postsurgery displayed in the same manner as described in Figure 3 . The area of chondronecrosis in the operated knee has resulted in abnormal cartilage canals, with reduced susceptibility compared to surrounding normal cartilage canals identified in this region (arrows, b and d). A curvilinear ossification front and no cartilage canal abnormalities were seen in the control knee (e-h). The dynamic range of the susceptibility maximum intensity projection images is from À0.05 ppm to 0.12 ppm.
FIG. 5.
Comparison of the GRE and quantitative susceptibility mapping images of the operated and control goat knees at 5 weeks postsurgery displayed in the same manner as described in Figures 3 and 4 . Areas of chondronecrosis are present in the GRE images (arrows, a and c), and the corresponding cartilage canals (arrows, b and d) appear ill-defined morphologically compared to the cartilage canals outside the region of chondronecrosis. In contrast, no cartilage canal abnormalities were identified in the control knee (e-h). The dynamic range of the susceptibility maximum intensity projection images is from À0.05 ppm to 0.12 ppm.GRE ¼ gradientrecalled echo.
identified using 3 T and higher field magnets, both in vivo and ex vivo, it is still challenging to visualize progressive changes of the affected cartilage canals using noninvasive MRI techniques. Our results suggest that QSM is a good candidate for this task.
The abnormalities in vascular canals identified with QSM are consistent with the histological findings and provide evidence of a pattern of vascular decline and regeneration in OC. At the very early stage of ischemic chondronecrosis (2 weeks postsurgery), QSM identified blood vessels undergoing necrosis or chondrification, which appeared similar to those in normal epiphyseal cartilage in ex vivo MRI. As the cartilage necrosis progressed (3 weeks postsurgery), susceptibility changes of cartilage canals became more apparent by QSM. Whether these were due to vascular necrosis or to subsequent chondrification of the affected vessels is unclear. Regardless, the affected vascular canals demonstrated lower relative susceptibility compared to the unaffected vascular canals in the susceptibility maps, even though the morphology of the abnormal cartilage canals still appeared similar to the normal cartilage canals. At 5 weeks postsurgery, vascular canals were poorly visible in or adjacent to the area of necrosis in the safranin O-stained section of femoral condyle. Disintegration of the abnormal cartilage canals is a possible explanation for the ill-defined vascular canals seen with QSM at this time point. Ten weeks postsurgery, the area of chondronecrosis was partially surrounded by bone due to the advancement of the ossification front. This process was delayed in the area of chondronecrosis but progressed normally in adjacent healthy cartilage. Eventually, abnormal vascular canals vanished, and revascularization commenced as new blood vessels appeared at the interface of normal epiphyseal cartilage and areas of chondronecrosis. This finding has been reported previously in histological preparations and suggests that the healing mechanism of OC involves neovascularization at the margins of the lesion (30, 31) .
Quantitative susceptibility mapping imaging of the epiphyseal cartilage vasculature is technically challenging. During skeletal maturation, the epiphyseal cartilage volume decreases rapidly as the cartilage is replaced by the advancing ossification front. Therefore, high-resolution 3D images with sufficient signal-to-noise ratio (SNR) are needed. In order to apply the QSM method, the phase images are typically filtered so that the background field in the original phase image is eliminated. In the present study, the SHARP filtering method was implemented for this purpose (27) . A large kernel size, typically used in brain applications, could have resulted in undesirable removal of voxels at the margins of the epiphyseal cartilage. Therefore, a small kernel of 3 Â 3 Â 3 was selected to avoid this artifact during the SHARP filtering, while ensuring that no significant errors would be introduced to the reconstructed susceptibility maps. The progressively diminishing thickness of the epiphyseal cartilage that occurs naturally with age is particularly problematic for QSM. If the epiphyseal cartilage becomes too thin, it may not be possible to reconstruct susceptibility maps of the tissue. Strategies such as spatial interpolation or zero filling of the k-space could then be utilized for increasing the apparent spatial resolution.
A recent review article summarized the basic technical concepts, clinical applications, and challenges of QSM (32) . It is noted that the chemical shift between water and fat may result in an inaccurate estimation of susceptibility; therefore, QSM with chemical shift correction is desirable in applications such as breast imaging (33) . The epiphyseal cartilage, which is mainly composed of water, type II collagen, and proteoglycan, is free of fat, and the bone-cartilage boundary is the only location where the chemical shift may be present. However, the MR phase in the area of the bone marrow (containing fat) appeared similar to the background noise (Fig. 2a) . Therefore, it is assumed that the chemical shift would act more like the background noise and reduce the phase SNR at the edge of the cartilage. In the unwrapped phase images (Figs. 2b and 2c) , strong phase perturbation from cartilage canals was observed due to the high susceptibility, but no obvious phase perturbation or artifact from bone marrow was evident in the unwrapped, SHARPfiltered phase (Fig. 2c ) that was used for QSM. Furthermore, the SHARP filtering removed a few voxels at the bone-cartilage boundary, which further eliminated the influence from chemical shift between water and fat. Thus, chemical shift between water and fat is not considered a major issue in this study. However, the chemical QSM method (33) should be explored and compared with the regularized QSM methods (28, 34) in future in vivo studies in humans.
Although important information regarding the imaging of epiphyseal vasculature was obtained in this study, there were several limitations. First, abnormal cartilage canals were evaluated in only four specimens, and imaging was done only ex vivo. Additional animals will be included in future studies to assess how statistically robust these preliminary findings are. However, the evidence provided herein clearly demonstrates a distinct longitudinal pattern of cartilage canal degeneration and revascularization in areas of ischemic chondronecrosis, and the MRI results closely matched the histological results. Second, this study was conducted at 9.4 T and, although this is suitable for ex vivo studies of small joints, future work will need to determine the utility of the QSM method in vivo for potential clinical imaging of the epiphyseal cartilage. Third, although a precise biological explanation of the susceptibility changes associated with the abnormal cartilage canals is important, it is beyond the scope of this preliminary work.
CONCLUSION
Quantitative susceptibility mapping enabled direct visualization of progressive degeneration of epiphyseal cartilage canals in an animal model of OC. This method may provide important insights into the etiology and pathogenesis of juvenile OC dissecans and other developmental joint diseases, particularly if it can be applied in vivo at lower magnetic field strengths. Furthermore, this noninvasive method has the potential to be useful in the clinical evaluation of pediatric patients with suspected joint disease. 
